I. INTRODUCTION
Today's mobile communication systems are characterized by various different wireless communication standards like GSM, UMTS or WiMAX which exist in different frequency ranges (900 MHz, 1800 MHz, 2100 MHz, 3500 MHz, etc.) [2] and increasingly use modern digital modulation schemes like W-CDMA. Such modulation schemes are characterized by strongly varying signal envelopes with high peak-toaverage ratios (PAR) of e.g. > 10.5 dB for W-CDMA. This situation leads to increasingly hard linearity and efficiency requirements for the power amplifier module, located in the analogue part of the transmitter, which is one of the most challenging and expensive components of a base station (BTS) for mobile communication [3] . Additionally, to reduce the necessary variety of products, the idea of software defined radio arose, which should enable to serve different frequency bands and standards by only one reconfigurable base station. A necessary condition for such a multiband/multistandard capable BTS is among other reconfigurable components, the availability of a multiband/wideband capable power amplifier module. Such amplifiers demand for appropriate semiconductor technologies like e.g. LDMOS [4] , GaAs [5] and emerging wide-bandgap technologies such as GaN HEMT technology. The latter one showed promising records of output power and power density [1, 6] and also a great potential for wideband matching. However relatively few hybrid demonstrators have been shown featuring a full characterization with respect to the communication standard requirements.
This work provides two hybrid demonstrators based on GaN HEMT device technology matched to 50 Ohm, which feature very high relative bandwidth of > 50 %. The demonstrators are fully characterized with respect to 3GPP ACLR specification by using a single carrier W-CDMA signal with PAR > 10.5 dB.
II. ALGAN/GAN HEMT TECHNOLOGY ON SIC
The AlGaN/GaN HEMT technology is based on multiwafer MOCVD growth on 2 inch s.i. SiC substrates using an Aixtron 2000 multiwafer reactor. The T-gate technology is so far e-beam defined with a gate length of l g = 300 nm and 500 nm. Device isolation is achieved with mesa isolation. The basic sub cell with a gate-width of W g = 2 mm yields a maximum drain current density of > 900 mA/mm and a transconductance of > 200 mS/mm at V DS = 7 V. The current gain cut-off frequency f T of the 2 mm device is well beyond 30 GHz. Currently the maximum operational voltage is V DS = 35 V with a corresponding on-state breakdown voltage of BV DS > 65 V. The basic cell of 2 mm yields a saturated output power density of 5.8 W/mm and a linear gain of 23 dB at V DS = 35 V and 2 GHz single carrier operation. Device yield is > 90 % for the 2 mm subcell. An 8 mm power bar is depicted in Fig. 1 . The devices are diced and packaged in standard LDMOS housing applying Au/Sn solder at the backside. Special precautions are taken to avoid all kinds of oscillations, however, no intrinsic prematch is applied in order to allow for high relative bandwidth operation.
III. AMPLIFIER CONCEPTS AND DEMONSTRATORS
Two different power amplifier concepts have been identified in order to face the hard requirements of the final stage of a multiband/wideband capable amplifier module. General design aspects involve the use of a proprietary large-signal model, the modelling of the package, and thermal considerations based on extended thermal simulations accounting for the scaling of the finger numbers.
III(a). Traveling-Wave Amplifier Concept
The traveling-wave amplifier (TWA) concept e.g. [7] has been chosen because it provides high bandwidth as well as high linearity, the latter one due to class-A/-AB operation. The two-stage demonstrator using a driver stage with a gate-width of W GS1 = 4 mm and a final stage with an all in all gate-width of W GS2 = 16 mm is shown in Fig. 2 . The final stage consists of two W G = 8 mm power cells ( Fig. 1) , each in a separate package. The input power will be time delayed fed in the parallel transistors. In order to compensate this time delay, an equal delayline at the output is necessary. For power combining, a Wilkinson configuration was chosen for the final amplifier stage. The TWA as well as the driver amplifier have separate DC feeds in order to support tuning of each amplifier stage for its own. First S-parameter simulation results showed a maximum gain of approximately 27 dB as well as an input and output matching of better -10 dB.
III(b). Push-Pull Concept
The push-pull concept was mainly identified due to the need for improving power amplifier efficiency, which becomes more and more relevant for increased PAR of e.g. W-CDMA signals. The one-stage design, which is shown in Fig. 3 , uses two 8 mm devices in two packages.
A classical push-pull approach intended for biasing in class AB is realized with microstrip-coaxial baluns and broadband pre-matching networks on input and output side. The modular circuit design concept can be summarized as follows:
Pre-matching networks transform the 25 9 impedance of the symmetrical balun ports to 15 9 on the drain side and 7 9 on the gate side. DC bias feeders are introduced at the 15 9 impedance level on gate and drain side. The final matching networks to gate and drain of the FETs are optimized to meet the simulated load-pull behavior of the packaged 8 mm HEMT under tuning conditions for best output power within the frequency range from 1.8 GHz to 2.7 GHz. The simulated S-parameters of the complete amplifier yield > 11 dB broadband gain from 1.2 GHz to 2.7 GHz and input and output matching are at least -4 dB from 1.8 GHz to 2.7 GHz.
IV. SMALL SIGNAL CHARACTERIZATION Fig. 4 gives the CW S-parameters of the traveling-wave amplifier module yielding a 3 dB bandwidth of 1.2 GHz between 1.3 GHz and 2.5 GHz at V DS = 35 V. Gain S 21 exceeds 25 dB between 1.4 GHz and 2.45 GHz for the two-stage design. For this first design approach, the measured input match S 11 of the driver stage is better than -4 dB and output match S 22 is better than -7 dB in the frequency range from 1.4 GHz up to 2.5 GHz. Fig. 8 gives the CW S-parameters of the push-pull amplifier at V DS = 35 V. The amplifier module provides a 4 dB bandwidth of nearly 1.9 GHz between 0.85 GHz and 2.75 GHz. The observed gain is around 11.5 dB, and the input and output match is better than -4 dB over a wide frequency range. The maximum of the gain is 13.6 dB and is achieved at approx. 1.85 GHz. Changing of matching capacitor values was necessary to raise the upper limit of the bandwidth of the amplifier from 2.2 GHz to 2.7 GHz.
V. W-CDMA AND LARGE-SIGNAL CHARACTERIZATION Fig. 5 gives peak and average output power as well as gain for the TWA module between 1.3 GHz and 2.5 GHz for a single-carrier W-CDMA signal. We observe a 3 dB bandwidth of 1.15 GHz between 1.35 GHz and 2.5 GHz. The ACLR requirements at 5 MHz and 10 MHz offset are met from 1.55 GHz up to 2.5 GHz. The corresponding peak power is beyond 40 dBm with a maximum of 43.2 dBm at 2.2 GHz.
Further, Fig. 6 gives a power sweep measurement for the same parameters, at the frequency of 2.2 GHz and an operational voltage of V DS = 35 V for the two-stage TWA. A maximum peak output power of 33 W (45.2 dBm) is reached in saturation, while the P -1 dB is well beyond 42 dBm. Thus, the measured power density of the two-stage TWA is about 2 W/mm at 2.2 GHz. The measured frequency characteristic of the singlestage wideband push-pull amplifier is illustrated in Fig. 9 . As already indicated by the CW S-parameter measurement results, the presented push-pull amplifier also shows a very wide bandwidth using a single-carrier W-CDMA signal. The peak output power is well beyond 36 dBm in the frequency range from 1.0 GHz up to 2.7 GHz, with a maximum of 41.1 dBm peak at 1.9 GHz. For a single-carrier W-CDMA signal with PAR > 10.5 dB, the 3GPP ACLR specification at 5 MHz and 10 MHz offset is met in the complete measured frequency range. Fig. 10 shows the corresponding power sweep measurement at 1.85 GHz for the push-pull device. As one can see, a peak output power of approx. 40 W (46 dBm) was measured for the wideband push-pull amplifier, resulting in a power density of 2.5 W/mm even at this bandwidth. This result exceeds all power densities currently available with LDMOS and GaAs devices. The ACLR requirement at 5 MHz offset is met up to an average output power of 2.5 W (34 dBm), ACLR at 10 MHz offset (not illustrated) is quite uncritical, since it is well below the required limit of -50 dBc in the measured power range. For lower input power levels, the provided gain is approximately 12.8 dB at 1.85 GHz. Fig. 11 gives the spectrum of a single-carrier W-CDMA signal at the output of the push-pull amplifier. The shape of the spectrum suggests that 3GPP ACLR requirements at 5 MHz offset (-45.92 dBc, -46.23 dBc) and 10 MHz offset (-58.71 dBc, -59.13 dBc) respectively are met at an average output power of approx. 
